We consider the effect of molecular anisotropy and dipole moment on the rate of homogeneous and heterogeneous nucleation of molecular and dipolar fluids. Density functional theory is applied to an interaction site model of molecules composed of two tangent or fused hard spheres interacting through Lennard-Jones and coulombic potentials. Interfacial properties are conditioned by entropy vs energy competition. For nucleation on a charged hard sphere, the calculated rates depend strongly on the size and charge of the central seed. Preferred surface orientations of the dipolar molecules are responsible for nucleation rates differing by several orders of magnitude for charges of different sign.
I. INTRODUCTION
The homogeneous and heterogeneous nucleation of liquids from the vapor are phenomena of central interest in physical and atmospheric sciences. Aerosol generation, ioninduced nucleation, and cloud formation are a few examples of the kinds of processes where nucleation from the vapor plays a central role. Our theoretical understanding of this phenomenon, however, has advanced slowly in the past 70 years and has been deeply rooted in the classical nucleation theory as developed by Becker and Döring, 1 Volmer, 2 Frenkel, 3 and Zeldovich. 4 Here, the formation of a critical nucleus is assumed as the rate limiting step in the process of nucleation, with an energetic cost that is estimated in a macroscopic capillarity approximation. Although classical nucleation theory provides a reasonable physical model to estimate nucleation rates and leads to predictions of critical supersaturations that are accurate in some cases, it has systematically failed in predicting the temperature dependence of the nucleation rates for most substances, [5] [6] [7] and the behavior of strongly polar fluids. 8, 9 It also fails to include molecular level effects relevant to the homogeneous and heterogeneous nucleation of clusters of only a few molecules, and it is incapable of explaining 2 the observed sign preference in ion-induced nucleation of dipolar molecules. [10] [11] [12] Density functional theory has been used in the last several years to develop a nonclassical approach to nucleation. The properties of the critical nucleus are obtained from the structure of the free energy of a nonuniform fluid, thus eliminating the basic assumptions of the capillarity approximation. We have applied this theory to the study of gas-liquid nucleation and bubble formation in simple fluids, 13, 14 showing that the results follow the experimental trends more closely.
Recently, we also applied the density functional formalism to the study of Stockmayer fluids, 15 which consist of point dipoles embedded in Lennard-Jones particles. Our results showed different alignment of point dipoles near the surface of small clusters, but the effect of the dipole moment on the free energy was quite small compared to the experimental results. The artificial up/down symmetry of the Stockmayer model proved not to be realistic in describing real polar liquids.
In this paper, we continue the study of nucleation of dipolar fluids by introducing a new model based on the interaction site formalism. 16 The characteristic anisotropy of the interactions in dipolar systems is then explicitly included by considering systems of molecules composed of tangent or fused charged spheres. The basic model and density functional formalism described in Sec. II allow us to study the effect of hard-core, Lennard-Jones, and coulombic interactions on bulk and interfacial properties of molecular systems. We summarize these results is Sec. III. Moreover, we address the problem of homogeneous nucleation ͑Sec. IV A͒ and extend our preliminary results on heterogeneous nucleation ͑Sec. IV B͒, 17 analyzing the effect of charge and molecular anisotropy. We consider in Sec. IV B the condensation on neutral and charged hard-spheres of atomic size. Sign preferences that lead to nucleation rates differing by several orders of magnitude result from preferred surface orientations of the dipolar molecules. The calculated rates depend strongly on the size and the charge of the central seed. We discuss in Sec. V how these results compare with recent theoretical 18 and experimental 19 work on ion-induced nucleation.
II. DENSITY FUNCTIONAL APPROACH
Let us consider a one component system of interacting diatomic molecules composed of two tangent or overlapping spheres. The two atoms in a molecule can have different diameters 11 and 22 , with centers located at a fixed bond length L. The free energy of the fluid in a weighted density approximation may then be expressed in the following form 16, 20, 21 
with ␤ 0 ϭ1/kT, where k is Boltzmann's constant and T is the absolute temperature. This free energy is a functional of ␣ ͑r͒, the local average density of molecular sites of type ␣ coupled to the external potential V ext ␣ ͑r͒. In our notation, s ͑r͒ represents the local mean density which is taken to be
where v m ϭ ͚ ␣ v ␣ is the molecular volume, and v ␣ is the volume associated with site ␣.
The first four terms on the right-hand side of Eq. ͑1͒ account for different contributions to the free energy of the system. The first factor is a measure of the ideal free energy of a binary mixture of isolated atoms. The decrease of entropy due to chemical bonding between two atoms to form a molecule is included separately and represented by the second term. Here s͉͑rϪrЈ͉͒ is the intramolecular correlation function for a rigid molecule with bond length L ͑Ref. 16͒ s͑r ͒ϭ͑ 4L 2 ͒ Ϫ1 ␦͑rϪL͒.
͑3͒
Contributions from short-range repulsive interactions between molecules are introduced by the third term in a weighted density approximation. 22 The excess free energy per particle of the hard-body reference system ⌿͓ ͑r͔͒ is assumed to be local in the weighted densities
As a first approximation, we choose the simple ͑low density limit͒ weighting function of Tarazona
͑6͒
where H(r) is the Heaviside step function, to evaluate these quantities. Although more sophisticated approaches can be explored, this weighting function has given reasonable results for the density of diatomic fused spheres near a hard wall. 20 The fourth term in our perturbative functional adds the contributions from the long-range part, p ␣␤ (r), of the sitesite interaction potential in a classical mean-field approximation.
The equilibrium properties of the non-uniform fluid can be obtained by minimizing Eq. ͑1͒ with respect to ␣ ͑r͒ and the ''fictitious'' site activities f ␣ ͑r͒ at constant temperature T and volume V, under the restriction of a fixed number of atoms
͑7͒
After the appropriate Lagrange multipliers ␣ are introduced, Euler-Lagrange equations result
and
͑10͒
For homogeneous equilibrium states with site and molecular densities 1 ϭ 2 ϭ m , it follows from these equations that
and the chemical potential of the system, ϭ͚ ␣ ␣ , is correctly given by
This last relation, together with Eq. ͑8͒, allows us to solve Eq. ͑10͒ for the site density distribution functions ␣ ͑r͒, given adequate boundary conditions. At coexistence, the surface tension ␥ of a liquid-vapor interface of area A is obtained from the grand potential difference 23 ␥Aϭ⍀͓ ␣ ͑ r͔͒Ϫ⍀͓ m ͔, ͑13͒
where 
The cross Lennard-Jones parameters ⑀ ␣␤ and ␣␤ are assumed to satisfy the combination rules
and the charges on different atoms of the same molecule are chosen to simulate an effective dipole moment (q 1 ϭϪq 2 ). The Helmholtz excess free energy per particle of the reference hard-body system ⌿( ) is estimated using the well known Carnahan-Starling expression for a hard-sphere fluid 24 ⌿͑ ͒ϭ
More sophisticated expressions for ⌿( ) such as those developed specifically for hard convex bodies might be used to evaluate this contribution to the total free energy. 25, 26 The improved reference equation of state, however, does not modify the physical picture depicted by our conclusions.
The formalism described up to this point allows us to obtain the bulk and interfacial properties of a great variety of systems. The effects of molecular anisotropy and dipole moment on the rates of homogeneous and heterogeneous nucleation are the main concerns of the work described in the following sections.
III. BULK AND PLANAR INTERFACIAL PROPERTIES
The model fluid described by the thermodynamic potential ⍀[ m ] undergoes a liquid-vapor phase separation for ␣Ͼ0 and temperatures lower than the critical value T c . For all TϽT c , the coexisting bulk densities m v and m l at chemical potential and pressure P can be located by finding two different solutions to Eqs. ͑12͒ and ͑15͒, for which
For systems of molecules composed of two tangent or two symmetric fused spheres, the structure of the phase diagram is uniquely determined by the values of the dimensionless parameters ⑀ 22 /⑀ 11 , 22 / 11 , and L/ 11 . Intrinsic geometrical and symmetry properties of our molecular model allow us to reduce the set of relevant values of these parameters to the range from 0 to 1.
It is important to note that the effect of the bare electrostatic interactions between dipolar molecules cancels out in the uniform fluid and bulk features are independent of the values of the dimensionless site charges q ␣ /(⑀ 11 11 ) 1/2 . Additional electrical contributions to the free energy, arising from the coupling of Coulombic and hard-body interactions, should be included to overcome this limitation. 27, 28 The critical temperature of the fluid is an increasing function of the ratio ⑀ 22 /⑀ 11 in our model. For fluids of molecules composed of tangent spheres ͓ 22 / 11 р1, L/ 11 ϭ 1 2 (1ϩ 22 / 11 )͔, the critical temperature increases with the relative atomic size 22 / 11 . In general, the critical temperature is an increasing function of the ''effective'' attractive interaction as measured by ␣ in Eq. ͑16͒. For molecular fluids of symmetric fused spheres ͑ 22 / 11 ϭ1, 0ϽL/ 11 Ͻ1͒, the critical temperature increases when the bond length L/ 11 is decreased toward the united-atom limit FIG. 1. Planar site density profiles for a nonpolar asymmetric dumbbell
1/2 ϭ0.0͒ at T r ϭ0.5. We include the profiles for sites of types 1 and 2.
(L/ 11 ϭ0). The effect of a smaller excluded volume per particle is responsible for this behavior. To facilitate the comparison between results for different systems, most of the calculations described in this work were performed at the same reduced temperature, T r ϭT/T c ϭ0.5.
Given a pair of coexisting densities m v and m l , the associated equilibrium profiles ͓ ␣ ͑r͒ϭ ␣ (z)͔ can be obtained by solving Eqs. ͑8͒ and ͑10͒. Figure 1 illustrates a typical result for a nonpolar asymmetric dumbbell ͑q ␣ ϭ0, 22 / 11 Ͻ1͒. Even when the site density distribution functions ␣ (z) contain no direct information on molecular orientations, the structure of the profiles suggests a preferred orientation of the particles at the surface, with the larger sites [ 1 (z)] pointing toward the vapor. The opposite behavior can be induced by decreasing the ratio ⑀ 22 /⑀ 11 . The equilibrium profile is thus the result of energy vs entropy competition. In general, less attractive energy is lost when the atomic sites with the weaker ''effective'' interaction ␣ are located at the surface. The energetic cost of a different configuration can be compensated, however, by reducing the entropic loss caused by packing in the liquid for systems with 22 / 11 Ͻ1. The degree of orientational order at the interface diminishes when the molecular bond length L/ 11 is decreased ͑fusing the spheres͒, or the ratios ⑀ 22 /⑀ 11 and 22 / 11 are increased toward 1 ͑reducing the anisotropy of the interactions͒. Such order is enhanced, however, when the ''amphiphilic'' nature of equivalent sites is increased. This can be achieved by reducing the cross interaction parameter ⑀ 12 below its conventional value ͓Eq. ͑19͔͒. Our calculations also show that there is a lower limit to the value of ⑀ 12 /⑀ 11 beyond which no stable solution to Eq. ͑8͒ can be found. This behavior seems to signal the onset of a microphase separation.
Charging the atomic sites to generate a dipole moment also reduces the molecular orientation at the interface. The resulting surface tension is higher than the surface tension of the corresponding nonpolar case, but the effect is almost negligible within the range of site charges where stable solutions are found: ͉q/(⑀ 11 11 ) 1/2 ͉Ͻ1. The symmetry imposed on our planar profiles [(x 1 ,y 1 ,z 1 )ϭ(x 2 ,y 2 ,z 1 )] does not allow any orientational relaxation in planes perpendicular to the interface that could be favored by electrostatic interactions. This constraint, together with the intrinsic limitations of perturbative approaches to deal with the long-range coulombic potential, limits the applicability of our model to cases where the microscopic structure of the system is primarily determined by hard-body and Lennard-Jones interactions.
IV. GAS-LIQUID NUCLEATION
The planar interface becomes unstable away from coexistence. Between the binodal and the spinodal, however, critical nuclei appear as saddle point solutions to the grand potential ͓Eq. ͑14͔͒ in an open system. 13, 14 The same solutions become minima of the associated Helmholtz free energy when the system is enclosed in a spherical container of volume V, with the total number of atoms fixed (N 1 ϭN 2 ϭN m ) . 29 The enclosing shell is assumed to be a perfectly nonwetting-nondrying physical surface that does not alter the distribution of matter within the nucleus; it also allows the density of the surrounding vapor v to remain constant.
For a closed system, the properties of the surrounding metastable vapor are not known in advance. 30 In particular, its density is not available as a boundary condition to solve Eqs. ͑8͒ and ͑10͒. Nevertheless, these equations can be rewritten to introduce the constraint of a fixed number of particles in Eq. ͑7͒. Thus, taking logarithms in Eq. ͑10͒ and using Eq. ͑8͒ we have
for ϭ͚ ␣ϭ1 2 ␣ . The chemical potential can be eliminated from this relation by integrating Eq. ͑10͒ over the volume of the system:
which yields, after substitution into Eq. ͑21͒
͑23͒
These Euler-Lagrange equations for the site density distribution functions ␣ ͑r͒ in the canonical ensemble can be solved using standard iterative techniques. Once a value for the size of the nucleus is chosen (N ␣ ), the properties of the external metastable vapor ( v , P,) are obtained by demanding no density discontinuity at the bounding surface. The work of formation of the critical nucleus is then given by the grand potential difference 29 ⌬⍀*ϭ⍀͓ ␣ ͑r͔͒Ϫ⍀͓ v ͔ ͑24͒
A. Homogeneous nucleation
In the classical theory of homogeneous nucleation the energy needed to create a critical droplet from the vapor is given by 31 ⌬⍀
where Sϭ P/ P e is the supersaturation, the ratio of the actual pressure P to the equilibrium vapor pressure of the liquid at the same temperature T. The corresponding rate of nucleation is then calculated from the relation
where m is the molecular mass. The density of the metastable vapor is v , while m l is the coexistence liquid density at temperature T.
The density functional theory of gas-liquid nucleation assumes that the nucleation rate can be estimated by taking 13, 14 
where ⌬⍀* is obtained by density functional methods ͓Eq. ͑24͔͒ and J 0 is the classical preexponential factor in Eq. ͑27͒.
Here, the molecular densities v and m l and the surface tension ␥ are calculated in a consistent way using our model and the formalism described in previous sections. Recent work has shown that the predictions of this approach are close to those generated by a full dynamical density functional calculation. 29 The structure of a critical nucleus for a nonpolar asymmetric dumbbell ͑ 22 / 11 Ͻ1͒ is shown in Fig. 2 . As in the planar case, the larger end of the molecule points toward the vapor, reducing the entropic loss by packing the smaller sites inside the droplet. The molecular orientations at the interface are determined by the competition between configurations favored by entropic ͑packing͒ and energetic ͑␣͒ contributions. The orientational order decreases when the anisotropy of the interactions decreases, and it fades with increasing temperature. The particular orientation of the molecules at the interface remains practically unchanged with the size of the droplet which is a decreasing function of the supersaturation. Figure 3͑a͒ presents the classical and density functional rates of nucleation as a function of supersaturation for four different physical systems. The molecular mass and LennardJones parameters of nitrogen are used as a reference to evaluate the rates. For a given reduced temperature, T r ϭ0.5 in this case, and supersaturation S, the rate of nucleation appears to increase with the anisotropy of the site-site interactions. Increasing the bond length L/ 11 from its value at the united-atom limit introduces exclusion factors that considerably reduce the interfacial free energy of the droplet at a given supersaturation. The barrier to nucleation is also lowered by favoring molecular orientations at the surface of the droplet that decrease the energetic cost of the interface ͑⑀ 22 /⑀ 11 Ͻ1͒, or reduce the entropic cost of molecular packing in the critical nucleus ͑ 22 / 11 Ͻ1͒. Nucleation rates for molecular systems exhibit the same dependence on temperature and supersaturation that is observed for a simple LennardJones fluid ͑united-atom limit͒. Classical nucleation theory succeeds in describing the general trend with supersaturation, but it fails by predicting too high a rate at high temperature and too low a rate at low temperature. Figure 3͑b͒ illustrates this last statement by depicting the behavior of the ratio of classical and density functional rates J CL /J DFT as a function of the reduced temperature T r for three different systems. All the classical rates correspond to conditions where J DFT ϭ1.0. At constant temperature, the size of the critical nucleus for a given rate of nucleation J DFT increases with the bond length L/ 11 . The droplet is bigger and its interface with the vapor is sharper. This phenomenom accounts for the relatively better agreement between both theories for higher values of L/ 11 .
The presence of a small dipole moment can significantly reduce the molecular orientation at the interface. The effect on the work of formation of the critical droplet is, however, negligible. For the type of molecular geometries and the range of site charges that we are able to explore to full convergence [͉q/(⑀ 11 11 ) 1/2 ͉Ͻ1 corresponding to effective dipole moments 0Ͻm d /(⑀ 11 11 3 ) 1/2 Ͻ1], there is no noticeable effect of the dipole moment on the rates of nucleation.
B. Heterogeneous nucleation
In this section we consider the condensation of metastable vapors on nucleating centers of molecular size. The nucleating agent is represented by a hard sphere of radius R c fixed at the center of the droplet; it acts as a cavity from which the particles of the fluid are excluded. The interaction between this seed particle and the atomic sites of the surrounding molecules is treated as a spherically symmetric external potential V ext ␣ (r). This quantity is assumed to be composed of a hard-core repulsive part
plus the electrostatic interaction
when a point charge Q c is placed at the center of the seed. The site distribution functions ␣ (r) are then obtained by using Eq. ͑23͒ assuming homogeneous coating of the central particle by the fluid. The barrier height to heterogeneous nucleation ⌬⍀* is given by the work of formation of a critical nucleus from a vapor-solvated seed particle. Let us first consider the case of heterogeneous nucleation on a neutral center. This allows us to analyze the effect of pure repulsive hard-core interactions. They are essentially responsible for the nonmonotonic structure of the site density profiles ␣ (r) that we illustrate in Fig. 4 . The total density profiles of critical nuclei at the same supersaturation for a symmetric dumbbell ͑⑀ 22 /⑀ 11 ϭ1, 22 / 11 ϭ1͒ and a simple Lennard-Jones fluid (L/ 11 ϭ0) are included here. The presence of intramolecular correlations in the former case enhances both the adsorption of particles at the surface of the central sphere and the molecular ordering around the seed. For a given reduced temperature T r and supersaturation S the number of particles in the critical nucleus increases with L/ 11 , but the barrier to nucleation on a particle of radius R c / 11 decreases when the bond length increases. Excluded volume effects in the liquid and the higher surface adsorption at the surface of the seed reduce the work of formation of the critical droplet as we move toward the case of molecules composed of tangent spheres. For a simple Lennard-Jones fluid ͑united-atom limit͒ the entropic loss caused by packing and the energetic cost of a larger interfacial area dominate the heterogeneous nucleation on hard spheres; the work of formation on a spherical particle is always greater than the work of formation without a seed, and increases monotonically with R c . Thus, nucleation proceeds homogeneously in all cases.
This behavior changes, however, as the bond length L/ 11 is increased. Molecular adsorption at the surface of the central particle in systems with L/ 11 Ͼ0 plays a role in the heterogeneous nucleation of the fluid. As found by Samborski et al. in their study of simple Lennard-Jones fluids in contact with spherical cavities, 32 we find that for molecular systems the density at contact ␣ (R c ) exhibits a broad maximum as a function of the seed size not far from R c / 11 Ϸ1. This behavior can be detected by following the density profiles for a symmetric dumbbell in Fig. 5 . Homogeneous coating by the fluid for nucleation on particles of size close to R c / 11 Ϸ1 thus appears to be a reasonable assumption.
The high surface adsorption characteristic of small radii in Fig. 5 is replaced by desorption as R c gets larger. The number of particles in critical nuclei formed at a given supersaturation, however, increases with the radius of the nucleating agent. In the limit R c →ϱ, the central hard sphere becomes a drying hard wall in the presence of the LennardJones fluid. 33 For liquid densities higher than the coexistence value m l , a ''gas'' region of constant density grows near the wall. This region becomes macroscopically thick at coexistence where the gas completely ''dries'' the wall.
The peak in surface adsorption at the central particle strongly affects the rates of heterogeneous nucleation of molecular systems. Figure 6 depicts the nucleation rate J DFT as a function of the radius R c / 11 for a polar asymmetric dumbbell ͑⑀ 22 /⑀ 11 Ͻ1͒ at constant supersaturation. In the absence of a central charge (Q c ϭ0), quantitatively similar results are obtained for equivalent polar and nonpolar molecular systems. The properties of nitrogen are used again to generate results in common physical units. Considering that our main interest is to analyze the impact of the work of formation of critical nuclei on the rates of nucleation, we assume that the density of nucleating agents is always equal to the density of the metastable vapor v in all our calculations. This allows us to use Eqs. ͑27͒ and ͑28͒ to estimate the rates. The effect of changing the nucleating agent density on the rate is straightforward to calculate.
The nucleation rate of molecular dumbbells on hard spheres is a nonmonotonic function of the size of the seed. For small radii R c the barrier to nucleation increases slightly over the homogeneous limit (R c ϭ0) until the adsorption at the surface of the central sphere favors heterogeneous nucleation. The adsorption peak can lead to an increase of several orders of magnitude in the rates. In the case of molecular dumbbells, the adsorption at the surface of small particles optimizes the energetic contributions from attractions between molecules. This effect overcomes the entropic loss caused by packing and the energetic cost of a larger interfacial area. As a consequence, the work of formation of the droplet decreases and reaches a minimum when the density at contact ␣ (R c ) is close to its maximum. As the seed particle gets larger, adsorption decreases ͑see Fig. 5͒ , the molecules at the surface are farther apart, and entropic effects take over. The barrier to heterogeneous nucleation starts growing because of the high cost of the internal surface and the larger vapor-exposed interface; homogeneous nucleation occurs faster than heterogeneous nucleation when the central 1/2 ϭ0.8͒ at T r ϭ0.5. The central particle has no charge (Q c ϭ0).
particle exceeds a critical size. For the range of model parameters that we explored in this study, the peak effect increases the rates by a factor of 10 5 -10 7 , and its influence decreases slowly with supersaturation. This nonmonotonic behavior depends strongly on the molecular length L/ 11 and disappears upon fusing the atomic spheres. The effect can be enhanced, however, by adding an attractive tail to the external potential V ext ␣ (r) of the central hard sphere. When a central charge Q c is embedded in the seed particle, sign preferences for the heterogeneous nucleation of polar molecules (͉q ␣ ͉Ͼ0) are found when asymmetric values are given to the site-site interactions ͑⑀ 22 /⑀ 11 Ͻ1, 22 / 11 Ͻ1͒. In the symmetric case, nucleation is equally enhanced by opposite charges on small particles. We consider the following results indicative of the expected nucleation behavior of dipolar fluids about ions. Caution should be applied to any conclusion based on these results, however, as long as we are limited to central charges Q c /(⑀ 11 11 ) 1/2 that correspond to small fractions of the electronic charge.
Figures 7͑a͒ and 7͑b͒ show the site density profiles ␣ (r) for the critical nuclei of a polar asymmetric dumbbell ͑⑀ 22 /⑀ 11 Ͻ1͒ on negative and positive charges, respectively. In the absence of a central charge, Lennard-Jones interactions force the molecular dipoles at the surface to point toward the center of the droplet (q 2 Ͻ0). Nucleation on a negative charge favors this configuration ͓Fig. 7͑a͔͒, while it tends to be reversed by the positive charge ͓Fig. 7͑b͔͒. This competition is reflected by the rates of heterogeneous nucleation in Figure 8͑a͒ , which show a clear preference for nucleation on the negative charge for all values of Q c . In fact, the higher nucleation rate over homogeneous nucleation associated with the positive charge is mainly due to the effect of the central hard core.
The sign preference on charge-induced nucleation can be enhanced by increasing the central charge Q c as shown in Fig. 8͑a͒ , the molecular dipole moment ͑determined by q ␣ and L͒, and the anisotropy of the interactions. Figure 8͑b͒ illustrates the case when the molecular asymmetry is caused by the relative size of the atomic sites ͑ 22 / 11 Ͻ1͒. The larger molecular sites ͑ 1 ͒ point naturally toward the vapor and so does the surface dipole moment if the site charge q 1 Ͼ0. Additionally, the smaller negative sites ͑ 2 ͒ are preferentially adsorbed at the surface of the seed to reduce packing effects. Electrostatic interactions with a positive central charge cooperate with these molecular orientations, lowering the barrier to nucleation. The formation of the droplet on a negative charge is clearly hindered, resulting in a difference of nucleation rates of several orders of magnitude for the larger charges. This sign effect decreases as the supersaturation and the size of the central charge are increased. This latter effect can be expected not only because of surface desorption but because of the increase of the charge-dipole separation. As in the case of a ''neutral'' seed, increasing the radius R c beyond a certain point starts favoring homogeneous nucleation but the critical size is also sign dependent.
The large difference between nucleation rates corresponding to opposite charges has little effect on the expected critical supersaturations S cr for a given rate of nucleation. In a system where the sign preference leads to nucleation rates differing by almost 8 orders of magnitude ͑Q c /(⑀ 11 11 ) 1/2 ϭ1.6 in Fig. 8͑b͒ , for example͒, the critical supersaturation does not vary by more than half a unit. This can be verified in Fig. 9 where we illustrate the behavior of S cr for a nucleation rate J DFT ϭ1.0 as a function of the size R c / 11 for three different values of the central charge Q c /(⑀ 11 11 ) 1/2 . The presence of the minimum for R c / 11 Ϸ1 is linked to the peak in surface adsorption previously described. Nucleation on a positive charge is generally 
V. DISCUSSION AND CONCLUSIONS
The interaction site model described in this paper allows us to introduce molecular anisotropies in polar fluids that induce a net dipolar ordering at the liquid vapor interface. The impact on the interfacial free energy and work of formation of free critical nuclei is, however, negligible. As in the case of Stockmayer fluids, 15 the presence of a small dipole moment (0Ͻm d /(⑀ 11 11 3 ) 1/2 Ͻ1) does not change the nucleation behavior from that of a similar nonpolar system. Although molecular anisotropies affect the rate of nucleation of molecular systems and should be taken into account to explain experimental results for highly polar liquids, 8, 9 our results point out the need for a better approach to the local and global ordering induced by pure electrostatic interactions.
Heterogeneous nucleation from the vapor on particles of atomic size appears to be highly sensitive to the nature of the condensed fluid and the size of the seed. Both factors can cooperate to induce unexpectedly high surface adsorptions that reduce the barrier to nucleation. The presence of this ''microscopic wetting'' seems to be independent of the nature of the molecular system, but its effect on the nucleation rates strongly depends on the anisotropy of the interactions.
Recently, Kusaka et al. 18 presented a density functional theory for ion-induced nucleation of dipolar molecules. In their model, molecular asymmetry is introduced by placing a dipole moment at a fixed distance from the center of the molecule. The monopole-dipole interaction is stronger in critical nuclei where the central ion has a charge that favors dipole moments being closer. The height of the nucleation barrier is thus sign dependent, resulting in a difference in the nucleation rate by a factor of 10-10 2 . In our model, the source of the sign preference for nucleation on small charged spheres is different. It is mainly associated with the preferred molecular orientations favored by anisotropic interactions. This more realistic mechanism sup- ports previous conclusions by Rusell 11 and Fletcher, 34 and by Rusanov and Kuni 35 for the ion-induced nucleation of water. In spite of the different approaches, both models predict the same qualitative effects on changing the charge Q c or the radius R c of the central particle, although Kusaka's model cannot capture the nonmonotonic behavior induced by the high surface adsorption at small values of R c . In agreement with experimental results, 12 the sign preference becomes less significant as supersaturation increases in both cases.
Contradictory experimental results exist for the dependence of nucleation rates on ion characteristics. In studying ion-induced nucleation of dibutyl phthalate, Adachi et al. 12 reported a strong dependence on the chemical makeup of the ions, and attributed the effect to ion size. Recently, Katz et al. 19 found that for hexanol and nonane the rate dependence on ion features is insignificant. The interaction site model predicts rates of nucleation that depend strongly on the size and charge of the central seed. The limitations of our approach, however, make it difficult to evaluate to what extent these results represent the expected behavior of real systems. Additional theoretical efforts are necessary to understand the influence that the internal electric properties of ions and condensing polar molecules have on the process of nucleation.
